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ABSTRACT
Aims. We observed two compact high-velocity clouds HVC 291+26+195 and HVC 297+09+253 to analyse their structure, dynamics, and
physical parameters. In both cases there is evidence for an association with the Leading Arm of the Magellanic Clouds. The goal of our study
is to learn more about the origin of the two CHVCs and to use them as probes for the structure and evolution of the Leading Arm.
Methods. We have used the Parkes 64-m radio telescope and the Australia Telescope Compact Array (ATCA) to study the two CHVCs in the
21-cm line emission of neutral hydrogen. The observations with a single-dish and a synthesis telescope allow us to analyse both the diffuse,
extended emission as well as the small-scale structure of the clouds. We present a method to estimate the distance of the two CHVCs.
Results. The investigation of the line profiles of HVC 297+09+253 reveals the presence of two line components in the spectra which can be
identified with a cold and a warm gas phase. In addition, we find a distinct head-tail structure in combination with a radial velocity gradient
along the tail, suggesting a ram-pressure interaction of this cloud with an ambient medium. HVC 291+26+195 has only a cold gas phase
and no head-tail structure. The ATCA data show several cold, compact clumps in both clouds which, in the case of HVC 297+09+253, are
embedded in the warm, diffuse envelope. All these clumps have very narrow H  lines with typical line widths between 2 and 4 km s−1 FWHM,
yielding an upper limit for the kinetic temperature of the gas of Tmax = 300 K. We obtain distance estimates for both CHVCs of the order of
10 to 60 kpc, providing additional evidence for an association of the clouds with the Leading Arm. Assuming a distance of 50 kpc, we get H 
masses of 5.9 · 103 M⊙ and 4.0 · 104 M⊙ for HVC 291+26+195 and HVC 297+09+253, respectively.
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1. Introduction
High-velocity clouds (HVC, Muller et al. 1963) are clouds of
neutral atomic hydrogen, with radial velocities (|vLSR| & 100
km s−1) inconsistent with a simple model of galactic rota-
tion. They are believed to be extraplanar objects located in
the halo (e.g. complex A, van Woerden et al. 1999) and cir-
cumgalactic environment of disk galaxies (e.g. the Magellanic
Stream, Mathewson et al. 1974). Wakker (1991) introduced
the so-called deviation velocity, vdev, that is the difference be-
tween the velocity of the clouds in the LSR frame and the ex-
treme velocity value consistent with the Milky Way gas dis-
tributed along the line of sight. A cloud is defined as an HVC,
if |vdev| ≥ 50 km s−1.
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HVCs can be detected all over the sky, but they are
not homogeneously distributed (Wakker & van Woerden 1997;
Murphy et al. 1995; de Heij et al. 2002). On the one hand, there
are coherent and extended objects like the complexes A, C and
M and the Magellanic Stream. On the other hand, there are
compact, isolated clouds with angular diameters of ϕ ≤ 2◦
FWHM, the so-called compact high-velocity clouds (CHVCs),
which are kinematically and spatially separated from the gas
distribution in their environment (Braun & Burton 1999).
The most critical issue of HVC research is the determina-
tion of distances. It is very difficult to find suitable background
sources at known distances against which the clouds would ap-
pear in absorption. Due to this fact the spatial distribution of
HVCs is largely unknown, and important distance-dependent
physical parameters, like mass (M ∼ d2), radius (R ∼ d) and
particle density (n ∼ d−1), are poorly constrained. The dis-
tances of only three complexes have been determined so far
via absorption line measurements. For complex M a distance
of 1.5 < z < 4.4 kpc was obtained by Danly et al. (1993), and
a distance bracket for complex A of 4 < z < 10 kpc was de-
termined by van Woerden et al. (1999). Recently, Thom et al.
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(2006) derived a distance bracket for HVC complex WB of
7.7 < d < 8.8 kpc.
There are three main hypotheses for the origin of HVCs.
The first is the formation from gas flowing out of the Galactic
disk (galactic fountain model, Shapiro & Field 1976; Bregman
1980), the second is the origin from the interaction of dwarf
galaxies with the Milky Way (Gardiner & Noguchi 1996;
Bland-Hawthorn et al. 1998; Bregman 2004), and the third hy-
potheses is the primordial gas model, where HVCs represent
intergalactic gas which was not yet accreted by one of the
galaxies in the Local Group (Oort 1966; Blitz et al. 1999).
Several compact high-velocity clouds (CHVCs) have been
studied in detail (Braun & Burton 2000; Burton et al. 2001;
Westmeier et al. 2005). In many cases, two-component line
profiles are observed which can be identified with a warm
and a cold gas phase (Giovanelli et al. 1973; Greisen & Cram
1976; Wolfire et al. 1995). Furthermore, some clouds show a
head-tail structure or horse-shoe shape connected with gra-
dients in column density and in line width across the sym-
metry axis. These observations suggest an interaction of the
clouds with their ambient medium. Interferometric observa-
tions (Braun & Burton 2000; de Heij et al. 2002) revealed that
these clouds have a characteristic morphology. Compact cores
are embedded in diffuse warm H  gas. The clumpy substruc-
tures have relatively high column densities (≈ 1020 cm−2) and
very small line widths down to 2 km s−1 FWHM. This indicates
that the compact cores can be identified with a cool neutral
medium.
Recently, a statistical analysis of the high-velocity
sky was carried out by Kalberla & Haud (2006) based
on the Leiden/Argentine/Bonn (LAB) Galactic H  Survey
(Kalberla et al. 2005). They searched all HVC complexes for
indications of multi-phase structures, excluding CHVCs which
are not sufficiently resolved by the LAB Survey. A multi-
phase structure was found in fm = 23.8% of all sight lines
investigated by Kalberla & Haud (2006), corresponding to a
contribution of the cold cores to the total H  column density
of fN = 20.8%. Thus, a multi-phase structure is a common
phenomenon in high-velocity clouds which means that many
HVCs contain cold, compact cores embedded in a diffuse en-
velope of warm neutral gas. Two-component line profiles are
also frequent in the Magellanic System. In the Leading Arm
fm = 23.8% of sight lines with HVC emssion show a multi-
phase structure, equivalent to a column density contribution
of the cold gas of fN = 13.5%. The corresponding numbers
for the Magellanic Stream are fm = 38.0% and fN = 27.0%
for the region with positive radial velocities but only fm =
7.5% and fN = 11.0% for the negative-velocity region. The
multi-component structure of the Leading Arm is confirmed by
H  observations with the Parkes telescope and the ATCA by
Bru¨ns et al. (2005) and Bru¨ns & Westmeier (2004).
Wakker et al. (2002) studied a denser region in one of the
filaments of the Leading Arm of the Magellanic System us-
ing the Parkes telescope and the ATCA. Their data reveal a
very complex internal structure of the high-velocity gas. The
filamentary structure introduces a high degree of complexity
which does not allow to draw conclusions about the physical
conditions in the Leading Arm and its environment.
We decided to study two compact clouds,
HVC 291+26+195 and HVC 297+09+253, which are
isolated but located in the vicinity of the Leading Arm.
Fig. 1 shows a column density map of the Magellanic System
(Bru¨ns et al. 2005). The two circles mark the positions of the
two CHVCs. Both clouds were observed with the Parkes tele-
scope and the ATCA. The observations with both a single-dish
telescope and an interferometer allow us to analyse the total
H  mass and the extended structure as well as the small-scale
structure within the clouds. These clouds are supposed to
have a relatively simple structure, allowing us to uncover
their physical state and that of the ambient medium. If the
CHVCs were associated with the Leading Arm we would
be able to roughly constrain their distance and origin, which
are crucial but unknown for most HVCs/CHVCs. This would
allow us to determine distance-dependent physical parameters
such as mass and density and to study the interaction effects
observed in connection with the Leading Arm. Furthermore,
with the high-resolution synthesis observations we are able to
investigate a possible multi-component structure in both clouds
which were not included in the sample of Kalberla & Haud
(2006) since the spatial resolution of the LAB Survey is not
adequate to resolve them.
Our paper is organised as follows. In Sect. 2 we describe
the data acquisition and data reduction. In Sect. 3 the results of
the analysis of the Parkes and the ATCA data of both CHVCs
are presented. In Sect. 4 we discuss the results regarding ram-
pressure interaction, a distance estimate and a probable associ-
ation with the Leading Arm of the Magellanic System. Sect. 5
summarises our results and point out the importance of follow-
up observations that will improve our understanding of the na-
ture of high-velocity clouds.
2. Data acquisition and reduction
2.1. Parkes data
The Parkes data were obtained as part of an H  survey of the
Magellanic System (Bru¨ns et al. 2005). The Parkes telescope
has a diameter of 64 m. At 21 cm wavelength the half-power
beam width (HPBW) is 14.′1. For our observation the velocity
resolution is about 1 km s−1. The width of a spectral bin cor-
responds to 0.825 km s−1 using the Parkes 2048-channel auto-
correlator. The H  data were observed in on-the-fly mode. The
integration time per spectrum was 5 s and the beam moved 5′
on the sky during the integration (Bru¨ns et al. 2005).
The single-dish data were analysed with the GILDAS soft-
ware CLASS. In all spectra polynomial baselines up to 5th or-
der were fitted. For this purpose windows were set individu-
ally around the line emission. The data within these windows
were not considered for the fit. After the baseline fit Gaussian
functions were fitted in the spectral lines. The criterion for line
emission was set to 3σrms at a velocity resolution of 2 km s−1.
The noise of the Parkes data is about σrms = 0.1 K. For the
further data analysis data cubes for both clouds were prepared.
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Fig. 1. H  column density distribution of the Magellanic
System from Bru¨ns et al. (2005). The column densities range
from NHI = 6 · 1018 cm−2 (light grey) to NHI = 9 ·
1021 cm−2 (black). The black circles mark the positions of
HVC 297+09+253 and HVC 291+26+195.
2.2. ATCA data
The ATCA is an east-west interferometer with six antennas.
Each antenna has a diameter of 22 m. Of these six antennas
only five were used for the following analysis. The ATCA data
were observed using the 750D configuration. For this config-
uration the five antennas provide baselines between 30 m and
720 m. The baselines associated with the sixth antenna corre-
spond to very small angular scales, where no signal is detected.
For our observations we chose a correlator with a bandwidth of
4 MHz and a velocity resolution of about 0.8 km s−1. The width
of a spectral channel is 0.8 km s−1 with a total of 1024 channels.
The observing time for each cloud was 12.5 hours.
The ATCA data were analysed with the MIRIAD soft-
ware. The source 1934–638 was used as primary calibrator
for the flux calibration. The primary calibrator was observed
for about 15 minutes each at the beginning and at the end
of the observation. The secondary calibrator, 1215–457, was
used for the gain and bandpass calibration, this source was
observed once every hour for 5 minutes. The pointing cen-
tre is α(J2000) = 12h12m35s, δ(J2000) = −53◦42′30′′ for
HVC 297+09+253 and α(J2000) = 11h58m14s, δ(J2000) =
−35◦34′36′′ for HVC 291+26+195. We used a robustness pa-
rameter of 0.5 to produce a data cube. This robustness param-
eter is a compromise between a good resolution and a high
signal-to-noise ratio (SNR). The image size of one plane of
the data cube is 300 × 300 pixels, the pixel size is 8′′. The
HPBW of the elliptical beam for the corresponding parame-
ters is about 58′′ × 36′′ for HVC 297+09+253 and 75′′ × 38′′
for HVC 291+26+195. The deconvolution was performed with
the CLEAN algorithm (Ho¨gbom 1974). The final data cube has
an rms of about 7.6 mJy beam−1 towards the centre of the field
which corresponds to 1.7 K.
3. Results
3.1. HVC 297+09+253
3.1.1. Parkes data
Fig. 2a shows a column density map of the Parkes data of
HVC 297+09+253. The CHVC shows an elongated head-tail
structure with a major axis of about 1◦ and a minor axis that is
not resolved by the Parkes beam.
The average of all 59 spectra of the CHVC reveals a two-
component line structure, where a narrow line component is
superposed on a broad line component (Fig. 2b). The figure
also shows the results of a two-component Gaussian fit to the
average spectrum. The line profile is well represented by two
Gaussians. The Gaussian fits provide line widths of 20.9 ± 0.6
km s−1 FWHM for the broad component and 4.2 ± 0.2 km s−1
FWHM for the narrow component. The so-called Doppler tem-
perature assumes a pure Maxwellian velocity distribution and
provides an upper temperature limit for the gas
TD
[K] = 21.8
(
∆vFWHM
[km s−1]
)2
, (1)
where ∆vFWHM is the line width. The resulting upper tempera-
ture limits are 9500±550 K (broad component) and 380±40 K
(narrow component). The kinetic temperatures of the two gas
phases are expected to be lower, as e.g. turbulent motions also
contribute to the observed line width.
For a more detailed analysis of the physical parameters of
the two gas phases Gaussian fits were performed for the in-
dividual spectra of HVC 297+09+253. Two Gaussian compo-
nents were fitted to those spectra that are not well represented
by a single Gaussian. Fig. 2c shows a histogram of the line
widths resulting from the Gaussian decomposition. There are
two separate distributions with maxima at 5 km s−1 FWHM
for the narrow component and about 20 km s−1 FWHM for the
broad line component. The histogram implies that a line width
of about 10 km s−1 provides an adequate separation between
the two gas components. This line width corresponds to a tem-
perature of 2000 K.
The distribution of the parameters NHI, vLSR and ∆vFWHM
is analysed along the major axis of HVC 297+09+253 (white
4 N. Ben Bekhti et al.: Properties of two compact high-velocity clouds
broad component
narrow component
(1/
cm
2
)
191·10
192·10
193·10
194·10
Co
lu
m
n 
de
ns
ity
 (1
/cm
2 )
HPBW
 0
 2
 4
 6
 8
 10
 12
Right Ascension (J2000)
Velocity (km/s)
Angular distance to reference pixel (’)
D
ec
lin
at
io
n 
(J2
00
0)
0 10 20 30 50 6040251
257
256
255
254
253
252
4
24
16
20
12
8Li
ne
w
id
th
 (k
m/
s)
V
el
oc
ity
 (k
m/
s)
a d
f
c
b
e
0
Linewidth (km/s)
5 10 15 20 25 30 35
2
200 220 240 260 280 300
0
0.5
1.0
In
te
ns
ity
 (K
)
N
um
be
r
Fig. 2. a: H  column density map of HVC 297+09+253 observed with the Parkes telescope. The angular resolution of HPBW =
14.′1 is indicated in the upper right. The black contours range from 1 · 1019 to 4 · 1019 cm−2 in steps of 5 · 1018 cm−2. Overlaid are
the contour lines (white) of this cloud observed with the ATCA (5 ·1019 to 3 ·1020 cm−2 in steps of 5 ·1019 cm−2). The ATCA data
cover the northern half of the cloud. The white line indicates the major axis of HVC 297+09+253. b: The average of all 59 spectra
with TB > 3σrms observed with Parkes. Apparently, there is a superposition of a narrow and a broad line component. We fitted
two Gaussian functions into the spectrum. The sum of the two fits is also shown (solid curve). The resulting fit reproduces the line
profile very well. c: The histogram shows the distribution of line widths of HVC 297+09+253. Two separate line components
are present. A line width of ∆vFWHM = 10 km s−1 FWHM (dashed line) can be used to separate the two line components. d-f:
Column density, NHI, linewidth, ∆vFWHM, and mean velocity, vLSR, from the two-component Gaussian fits along the major axis of
HVC 297+09+253 (see Fig. 2a). The diagrams demonstrate that the cool and the warm gas phase are partly spatially separated.
line in Fig. 2a), and the results are shown in Fig. 2d-f. The
diagrams demonstrate that the two gas phases are partly spa-
tially separated. The maxima of the column density of the two
line components are displaced by ≈ 15′. The narrow compo-
nent is very compact with a FWHM diameter of only ≈ 15′
which is similar to the Parkes HPBW of 14.′1, indicating that
the cold component is not resolved by the Parkes telescope.
The column density of the warm component rises steeply close
to the cold component and decreases slowly towards the south-
ern end of HVC 297+09+253. The spatial distribution of the
column density of the two gas phases is also shown in Fig. 3.
The peak column densities are NHI = (3.0 ± 0.1) · 1019 cm−2
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Fig. 3. The spatial distribution of the column densities of both
line components of HVC 297+09+253. Upper panel: Column
density of the narrow line component. Lower panel: Column
density of the broad component. The contours range from 1 ·
1019 to 4 · 1019 cm−2 in steps of 1 · 1019 cm−2.
and NHI = (3.9 ± 0.2) · 1019 cm−2 for the cold and warm gas
phase, respectively. The cold gas phase is only detected in the
northern part of the cloud, whereas the warm gas phase extends
over the entire cloud.
Fig. 2e shows the line widths along the major axis of
HVC 297+09+253. The line widths of the cold and warm com-
ponent are approximately 5 km s−1 and 20 km s−1 FWHM, re-
spectively, without much variation over the extent of the cloud.
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Fig. 4. Upper panel: Column density map of the ATCA data
cube of HVC 297+09+253. The black circle marks the position
of clump A, which is analysed in detail regarding its physical
properties. The contours range from 5 · 1019 to 3 · 1020 cm−2
in steps of 5 · 1019 cm−2. The ATCA beam of 58.6′′ × 36.2′′
HPBW is also shown. Lower panel: A typical spectrum in the
direction of clump A of HVC 297+09+253.
The radial velocity (LSR frame) is plotted in Fig. 2f. The
cold gas phase has vLSR ≈ 253 km s−1. The warm component
has vLSR ≈ 253 km s−1 close to the position of the cold compo-
nent and increases up to 256 km s−1 towards the southern end
of HVC 297+09+253. This velocity gradient will be discussed
in Sect. 4.3.
3.1.2. ATCA data
The ATCA observations of HVC 297+09+253 were obtained
towards the high column density region, the so-called head,
of the cloud, where the cold gas phase is found. Fig. 4 shows
the column density of HVC 297+09+253 as observed with the
ATCA. For comparison, Fig. 2a shows the column density map
of HVC 297+09+253 observed with Parkes superposed by the
ATCA observations as white contours.
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The total H  mass is determined by
MHI = mHd2 tan2 ϕ
∑
i
N(i)HI (2)
where mH is the mass of a hydrogen atom, d is the distance
to the cloud, ϕ is the angular size of a single pixel of the col-
umn density map, and NHI is the column density. The total H 
mass detected by the ATCA is MH i = 1.7 ·104 M⊙ [d/50 kpc]2,
while the total mass detected with Parkes is MH i = 4.7 ·
104 M⊙ [d/50 kpc]2. We determine a lower detection limit
Mlimit by computing the mass of a point source with a typical
line width which generates a 3σrms (Parkes) and 5σrms (ATCA)
signal in the mass map. For a typical line width of ∆vFWHM = 4
km s−1 we get Mlimit = 600 M⊙ (Parkes) and Mlimit = 40 M⊙
(ATCA). A comparison of the total H  masses obtained for the
Parkes and ATCA data for HVC 297+09+253 reveals that the
ATCA detects only 36% of the mass of HVC 297+09+253.
This result demonstrates that the diffuse extended gaseous
phase, constituting a major part of the total H  mass, is missed
by the interferometer.
A combination of the single-dish and the interferometer
data is nevertheless not meaningful. While the warm gas phase
has considerable column densities, the line intensities are quite
low due to the large line widths. The rms noise of the ATCA
data (σrms ≈ 1.7 K) is significantly larger than typical line in-
tensities of the warm component, which are well below 1 K
(the noise of the Parkes data of σrms ≈ 0.1 K is much lower).
The high resolution ATCA data cube reveals a clumpy sub-
structure of HVC 297+09+253 (see Fig. 4). Gaussian func-
tions were fitted to the spectra of all clumps to analyse their
physical properties in detail. All clumps in HVC 297+09+253
have very small line widths between 2 and 4 km s−1 FWHM.
The corresponding upper limit for the kinetic temperature is
Tkin ≤ 300 K. The clumps have relatively high column densi-
ties of NHI ≈ 1020 cm−2 and small angular sizes of ϕ ≈ 1′ . . . 2′
FWHM. The physical parameters are shown in Table 1.
The position of one exemplary core, clump A, is marked in
Fig. 4. Clump A has a column density of NHI = (1.3±0.1) ·1020
cm−2. The spectrum of clump A (see Fig. 4) has a very small
line width of ∆vFWHM = 2.3 ± 0.1 km s−1, yielding an upper
temperature limit of TD = 119 ± 13 K.
The radiative transfer equation for the 21 cm line emission
in the case without background emission is
TB = Tspin(1 − e−τ), (3)
where Tspin is the spin temperature and τ the optical depth. The
equation shows that TB ≤ Tspin. In the case of a thermal exci-
tation it is expected that Tspin ≈ Tkin. The measured brightness
temperature TB is therefore a lower temperature limit, leading
to a possible temperature range of TB ≤ Tkin ≤ TD of the H 
gas. The brightness temperature for clump A is TB = 32 ± 4
K. The very small line width allows us to constrain the kinetic
temperature of this clump to 32 K ≤ Tkin ≤ 120 K.
Furthermore, Eq. 3 allows us to estimate a lower limit for
the optical depth of clump A of τ ≥ 0.31 ± 0.05. This is a
remarkable result because the approximation τ ≪ 1 (which
is the common assumption to derive the column density as a
linear function of TB) is not satisfied anymore. As we have only
lower limits for the optical depth, we did not correct the column
densities, which accordingly represent lower limits.
The neutral atomic hydrogen density of the condensation
can be estimated assuming a spherical symmetry and a constant
density n = NHItan φd , where NHI is the column density, φ is the an-
gular diameter of the clump, and d is the distance to the cloud.
Condensation A is sufficiently isolated and circular symmetric
to expect that its extent along the line of sight is similar to its
apparent diameter in the plane of the sky. The estimated H  vol-
ume density for condensation A is n = 2.1 cm−3 [d/ 50 kpc]−1.
Table 1 compiles the estimated densities of all condensations
of HVC 297+09+253. Note, however, that most of them are
embedded in an enveloping medium making the estimates less
reliable. Furthermore we cannot rule out that the cold clumps
contain substructure at sub-arcmin scale which is not resolved
with our ATCA data. Consequently, the filling factor may be
less than unity. Potential gaps between the dense clumps may
be filled with warm neutral gas, but we can rule out the pres-
ence of molecular or highly ionised gas. Even the densest
clumps have densities which are far too low to allow for the
formation of molecules. There is not even a reliable indication
of the existence of dust in HVCs (e.g. Wakker & Boulanger
1986). Highly ionised gas also cannot exist in the inner parts
of HVCs because they are shielded against the extragalactic ra-
diation field by the surrounding warm neutral medium. For ex-
ample, Sternberg et al. (2002) perform hydrostatic simulations
of CHVCs embedded in an ionised intergalactic medium. In
their model the ionisation rate of hydrogen drops by several or-
ders of magnitude from 1 · 10−14 s−1 to 1 · 10−17 s−1 from the
outer edge to the centre of the cloud. In addition, the diffusion
of hot plasma from the surrounding medium into the neutral
cloud will be suppressed by a magnetic field in the intergalac-
tic medium due to a magnetic barrier of increased field strength
building up at the interface of the HVC (Konz et al. 2002)
The pressure of the condensations can be estimated using
the ideal gas equation,
p
kB
=
NHI
d tanφT, (4)
where p is the pressure and kB the Boltzmann constant. We
derive a relatively narrow range of allowed pressures for con-
densation A of (p/kB)min = 67 ± 15 K cm−3 [d/ 50 kpc]−1
and (p/kB)max = 256 ± 53 K cm−3 [d/ 50 kpc]−1. The dis-
tance of HVC 297+09+253 is discussed in Sect. 4.2 and
4.3. Table 1 shows the distance-dependent parameters size,
mass, particle number, density, and pressure for all clumps of
HVC 297+09+253.
3.2. HVC 291+26+195
3.2.1. Parkes data
Fig. 5a shows the column density map of HVC 291+26+195.
Apparently, the Parkes beam of 14.′1 HPBW does not re-
solve the HVC. The investigation of the line profiles reveals
that there is only one line component in the spectra of this
cloud. In Fig. 5b we plotted the average of all 12 spectra of
HVC 291+26+195. The line width of the component is about
N. Ben Bekhti et al.: Properties of two compact high-velocity clouds 7
Table 1. Important physical parameters for all clumps of HVC 297+09+253. For all distance-dependent parameters a distance
of 50 kpc is assumed. The columns give the name of the clump, the coordinates, the velocity in the LSR frame, the line width
∆vFWHM, the lower and upper temperature limits Tmin and Tmax, the SNR, the optical depth τ, the column density NHI, the angular
diameter φ, the particle density n, and the lower
( p
kB
)
min
and upper pressure limit
( p
kB
)
max
as well as the estimated distances d.
clump RA Dec vLSR ∆vFWHM Tmax Tmin SNR τmin NHI φ n
( p
k
)
min
( p
k
)
max
d
[km s−1] [km s−1 ] [K] [K] [cm−2] [′′] [cm−3] [cm−3K] [cm−3K] [kpc]
A 12h13m14.5s −53◦33′32.8′′ 252.8 2.3 119 32 16.4 0.27 1.3 · 1020 88 2.1 67 256 27
M 12h12m35.9s −53◦45′18.0′′ 253.3 4.2 379 21 10.8 0.06 1.4 · 1020 96 2.2 44 821
O 12h12m30.5s −53◦43′26.0′′ 252.6 3.3 237 20 10.2 0.08 9.7 · 1019 112 1.3 26 302
I 12h12m36.8s −53◦42′14.0′′ 253.7 3.9 332 26 13.2 0.08 1.5 · 1020 80 2.8 75 928
K 12h12m38.6s −53◦38′45.9′′ 252.9 3.4 249 29 14.5 0.11 1.7 · 1020 112 2.2 62 544 19
N 12h12m34.1s −53◦40′30.0′′ 253.4 3.9 325 24 12.1 0.07 1.5 · 1020 104 2.1 56 677
C 12h13m15.4s −53◦34′36.9′′ 253.7 2.4 127 22 11.3 0.18 9.7 · 1019 136 1.0 20 133 29
D 12h13m16.4s −53◦41′41.3′′ 252.7 2.7 159 20 10.3 0.13 9.1 · 1019 96 1.4 23 222
F 12h13m20.1s −53◦43′25.2′′ 252.6 3.2 216 16 8.2 0.07 8.7 · 1019 80 1.6 19 345
G 12h13m12.0s −53◦44′29.4′′ 252.2 3.1 204 19 9.4 0.09 1.0 · 1020 88 1.8 26 358
P 12h13m10.2s −53◦46′21.4′′ 252.1 2.0 83 16 8.0 0.19 5.6 · 1019 88 0.9 11 77 37
Q 12h13m08.3s −53◦39′25.5′′ 252.5 2.4 122 27 13.8 0.22 1.3 · 1020 144 1.3 31 158
H 12h12m48.5s −53◦41′57.9′′ 253.5 2.5 131 19 9.8 0.15 8.5 · 1019 88 1.4 24 185
L 12h12m55.7s −53◦41′29.8′′ 253.4 2.8 176 16 8.1 0.09 8.3 · 1019 80 1.5 19 267
R 12h13m13.0s −53◦50′21.1′′ 252.4 2.4 130 14 7.0 0.11 6.2 · 1019 64 1.4 13 185
S 12h13m03.9s −53◦47′41.5′′ 252.8 3.4 245 14 7.1 0.06 8.2 · 1019 96 1.3 15 307
T 12h12m49.4s −53◦37′33.4′′ 252.8 3.5 262 49 24.6 0.19 3.0 · 1020 152 2.9 138 752 22
5 km s−1 FWHM. The resulting upper temperature limit is
Tmax = 640 K. The data show no evidence for a warm gas
phase. The peak column density is NHI = (1.3±0.1) ·1019 cm−2.
The resulting parameters from the Gaussian fits are similar to
the results for the cold component of HVC 297+09+253.
3.2.2. ATCA data
Figure 5c shows a column density map of HVC 291+26+195
observed with the ATCA. The column density distribution of
the HVC is elongated containing several unresolved concentra-
tions. The main filament is accompanied by a few small clouds.
The peak column densities of the individual clumps range from
3 · 1019 cm−2 to 1 · 1020 cm−2.
The total H  mass of HVC 291+26+195 is MHI = 5.9 ·
103 M⊙ [d2/50 kpc] and MH i = 5.6 · 103 M⊙ [d2/50 kpc], mea-
sured with Parkes and ATCA respectively. The ATCA detects
95% of the mass which was measured with Parkes, confirming
that not much diffuse gas is present in HVC 291+26+195.
The H  lines of HVC 291+26+195 are quite narrow
(∆vFWHM = 2 . . .4 km s−1). As an example Fig. 5d shows
the spectrum of clump K that has a line width of ∆vFWHM =
3.5 km s−1. The line widths of all clumps are between 2 . . .4
km s−1. Assuming a distance of d = 50 kpc (see Sect. 4.2 and
4.3), the upper limit for the pressure is (p/kB)max = 378 ±
67 K cm−3 [d/ 50 kpc]−1 for clump K and (p/kB)max = 154 ±
43 K cm−3 [d/ 50 kpc]−1 for clump N of HVC 291+26+195.
The important parameters of all investigated clumps of
HVC 291+26+195 are listed in Table 2.
In summary, the ATCA observations of HVC 291+26+195
reveal, as expected, only a cold gas phase having physical prop-
erties similar to the cold phase of HVC 297+09+253.
4. Discussion
4.1. Evidence for ram-pressure interaction
The H  data of HVC 297+09+253 show a distinct head-tail
structure. The high column density region, the head of the
cloud, contains both a narrow and a broad component. In the
northern-most part of the CHVC only a narrow line component
is detected, while there is solely a broad component in the tail
(see Sect. 3.1).
The observed morphology suggests a ram-pressure inter-
action with an ambient medium, where the warm gas phase is
stripped off the CHVC due to friction forces (Bru¨ns et al. 2000,
2001). The clumps may have formed due to compression of the
gas at the leading edge of an CHVC and local density fluctua-
tions in combination with cooling processes.
The existence of a two-component gas structure is widely
observed among HVCs and CHVCs (Cram & Giovanelli 1976;
Wolfire et al. 1995; Burton et al. 2001; de Heij et al. 2002;
Braun & Burton 1999; Westmeier et al. 2005). The 2D hydro-
static simulations of CHVCs by Sternberg et al. (2002) are
consistent with these observations. Neutral atomic hydrogen
clouds can accordingly show a stable multiphase structure
in an environment with conditions comparable to those in
the outer Galactic halo. The hydrodynamical simulations of
Quilis & Moore (2001) and Vieser & Hensler (2001) of HVCs
moving through a diffuse medium show that the lowest tem-
peratures of interacting HVCs are found in the head of the
clouds whereas higher temperatures occur in the tail of HVCs
where the material was stripped off the main body of the cloud.
Konz et al. (2002) show in their hydrodynamical simulations
that the cold gas in the head of the cloud remains unaffected by
the stripping process. This is qualitatively consistent with our
observations of HVC 297+09+253. The smallest line widths of
∆vFWHM ≈ 2 km s−1 (indicating the lowest temperatures) are
located in the head of HVC 297+09+253 while the broadest
lines of about ∆vFWHM = 20 km s−1 are observed in the tail.
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Fig. 5. a: H  column density map of HVC 291+26+195 observed with Parkes. The contours range from 2 ·1018 to 1.2 ·1019 cm−2
in steps of 2 · 1018 cm−2. b: Average spectrum of all 12 positions in the direction of HVC 291+26+195 in which the spectral
line was detected with at least 3σ. The Gaussian fit (solid line) indicates that only a single line component is present. c: Column
density map of HVC 291+26+195 observed with the ATCA. The contours range from 2 ·1019 to 1.2 ·1020 cm−2 in steps of 2 ·1019
cm−2. The ATCA beam of 74.6′′ × 38.4′′ HPBW is also shown. d: A typical spectrum of clump K.
The tail of HVC 297+09+253 shows higher radial veloci-
ties than the high column density head (Fig. 2f). Bru¨ns et al.
(2000) analysed 252 HVCs. 20% of the clouds show a head-
tail structure combined with a gradient in column density and
in velocity along the major axis of the clouds. But none of the
HVCs in this sample shows an increasing velocity in the direc-
tion of the tail.
Part of this gradient can be explained as a projection effect
from the solar velocity vector. The gradient decreases slightly
from ∆vLSR = 3 km s−1 to about ∆vGSR = 2.5 km s−1 when
transforming into the Galactic standard-of-rest frame. The ve-
locity vector of the HVC produces a similar effect. If we as-
sume that the velocity is produced by a pure projection effect
we would get extremely high spatial velocities of the order of
> 500 km s−1, which is significantly larger than the maximum
radial velocities observed for HVCs around the Milky Way.
The apparent contradiction is resolved by considering a
slightly varying orientation of the velocity vector over the ex-
tent the tail. If the total velocity of the HVC is for instance
200 km s−1, a twist of only one degree would be sufficient to ex-
plain the observed gradient. A slight deflection of the stripped
matter in the tail could have several reasons like an intrinsic
velocity of the ambient medium, e.g. a Galactic wind or turbu-
lence in the hot halo of the Milky Way. Moreover, the Galactic
magnetic field could influence the gas in the tail. Konz et al.
(2002) performed magnetohydrodynamical simulations of in-
teracting HVCs and concluded that magnetic fields play an im-
portant role in stabilising the head while forming a tail.
The cloud HVC 291+26+195 shows cold compact clumps
with very small line widths comparable to the head of
HVC 297+09+253, but no diffuse component. This might be
interpreted as a cloud in a later stage of interaction with the
ambient medium, where the diffuse warm component was al-
ready stripped off and evaporated within the hot gas phase of
the Galactic halo (Quilis & Moore 2001) while the cold clumps
are still neutral and observable in H  emission.
4.2. Distance estimate for the two CHVCs
In Sect. 3.1.2, we estimated the pressure of the cold clumps of
HVC 297+09+253 and HVC 291+26+195, assuming an ideal
gas, a spherically-symmetric cloud, and a constant particle den-
sity. The very small line widths allow to constrain the kinetic
temperature of the clumps and, thus, to estimate upper and
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Table 2. Important physical parameters for all clumps of HVC 291+26+195. For all distance-dependent parameters a distance
of 50 kpc is assumed. The columns give the name of the clump, the coordinates, the velocity in the LSR frame, the line width
∆vFWHM, the lower and upper temperature limits Tmin and Tmax, the SNR, the optical depth τ, the column density NHI, the angular
diameter φ, the particle density n, and the lower
( p
kB
)
min
and upper pressure limit
( p
kB
)
max
as well as the estimated distances d.
clump RA Dec vLSR ∆vFWHM Tmax Tmin SNR τmin NHI φ n
( p
k
)
min
( p
k
)
max
d
[km s−1] [km s−1 ] [K] [K] [cm−2] [′′] [cm−3] [cm−3K] [cm−3K] [kpc]
A 11h58m31.7s −35◦37′15.7′′ 192.1 3.4 6.9 251 10 0.04 6.0 · 1019 72 1.2 12 307 16
B 11h58m48.8s −35◦38′26.9′′ 192.0 2.5 5.7 137 8 0.06 3.8 · 1019 80 0.7 6 96
C 11h58m35.7s −35◦37′39.5′′ 191.2 3.0 5.3 195 8 0.04 3.8 · 1019 88 0.6 5 124
D 11h58m17.3s −35◦38′19.8′′ 194.9 2.3 6.0 112 9 0.08 3.6 · 1019 96 0.6 5 63 35
E 11h58m21.2s −35◦37′47.9′′ 194.5 3.5 5.2 272 8 0.03 4.0 · 1019 120 0.5 4 134
F 11h58m18.6s −35◦37′07.9′′ 194.0 2.7 5.2 155 8 0.05 2.9 · 1019 112 0.4 3 59
G 11h58m54.7s −35◦38′58.5′′ 193.7 3.8 4.7 310 7 0.02 5.3 · 1019 54 1.4 10 445
H 11h58m33.0s −35◦26′02.8′′ 195.9 2.5 5.3 136 8 0.06 3.9 · 1019 88 0.7 5 90
I 11h58m12.0s −35◦29′39.7′′ 196.0 2.8 6.7 173 10 0.06 4.4 · 1019 104 0.6 6 107
J 11h58m03.5s −35◦32′35.9′′ 195.7 1.4 4.9 45 7 0.16 1.7 · 1019 96 0.3 2 12
K 11h58m10.1s −35◦34′60.0′′ 196.1 3.5 10.8 272 16 0.06 9.8 · 1019 104 1.4 22 378 13
L 11h58m02.8s −35◦36′35.9′′ 196.2 2.5 7.3 136 11 0.08 4.3 · 1019 96 0.7 7 91
M 11h57m59.6s −35◦38′11.7′′ 197.3 2.3 8.4 112 12 0.11 5.5 · 1019 120 0.7 8 76
N 11h58m27.8s −35◦29′15.5′′ 195.3 2.2 10.0 106 15 0.14 6.3 · 1019 64 1.4 21 154 25
O 11h58m23.8s −35◦30′35.7′′ 195.4 3.0 13.6 198 20 0.10 1.1 · 1020 104 1.6 32 321
P 11h58m21.2s −35◦32′19.9′′ 195.3 3.1 13.4 212 20 0.09 1.1 · 1020 64 2.5 49 532
Q 11h58m18.6s −35◦33′48.0′′ 195.2 3.2 13.2 227 19 0.08 1.2 · 1020 64 2.8 54 634
lower pressure limits for all clumps in the two CHVCs (see
Tables 1 and 2) under the above assumptions.
We compare the pressure of some of the clumps in the
two CHVCs as a function of distance with the pressure of the
surrounding medium derived from the Milky Way model of
Kalberla (2003). Fig. 6 shows the results for two exemplary
clumps of HVC 297+09+253 and HVC 291+26+195.
The pressure of the clumps should be at least as high
as the pressure of the surrounding medium. The intersection
point of the pressure curves for the Milky Way gas and the
clumps therefore provides a distance estimate. With the men-
tioned assumptions the corresponding distance estimates for
HVC 297+09+253 and HVC 291+26+195 are in the range of
d ≈ 10 . . .60 kpc (Table 1 and 2).
One should keep in mind, though, that the distribution of
the pressure of the circum-/intergalactic medium is not well
constrained by observations. There is observational evidence
from absorption line measurements that the thermal pressure
could be significant even at larger distances of several hundred
kpc from the Galaxy (Sembach et al. 2003). Results from X-
ray absorption data by Rasmussen et al. (2003) indicate a sub-
stantial value of P/kB ≈ 100 cm−3K beyond 100 kpc from the
Galaxy. A higher value of the pressure would shift the pressure
curve of Kalberla (2003) slightly upwards. On the other hand,
our calculated values for the internal pressure of some of the
clumps are only lower limits because of their significant opti-
cal depth for which we cannot correct. Deviations from the pre-
vious assumptions (Sec. 3.1.2) add additional uncertainties to
the calaculated parameters. Consequently, the determined dis-
tances should be considered rough estimates only.
4.3. Evidence for an association of both CHVCs with
the Leading Arm
Fig. 1 shows a column density map of the Magellanic
System (Bru¨ns et al. 2005), including the Small and the Large
Magellanic Cloud (SMC and LMC), the Magellanic Bridge,
which connects the two Magellanic Clouds, the Magellanic
Stream (MS), and the Leading Arm (LA). These features
were likely generated in an interaction between the Magellanic
Clouds with the Milky Way (Yoshizawa & Noguchi 2003). The
LA consists of many clumpy filaments (Putman et al. 1998)
and shows a two-component gas structure (Bru¨ns et al. 2005),
comparable to the results derived for HVC 297+09+253 and
HVC 291+26+195.
The LA can be divided into three parts, the LA I, II, and
III. In the south-eastern part of LA II the observed veloci-
ties are between 265 . . .300 km s−1 in the LSR frame. Thus,
HVC 297+09+253 deviates by only 10 . . .15 km s−1 from the
velocities of this region, which is in good agreement within
the velocity dispersion of the gas in LA II of 10 km s−1.
HVC 291+26+195 lies in the velocity range of the northern
part of the LA II (190 . . .275 km s−1). Numerical simulations
of the Magellanic System, e.g. Yoshizawa & Noguchi (2003),
predict distances for the gas in the Leading Arm in the range
30 . . .60 kpc. This distance range is consistent with the re-
sults of the distance estimation for the two clouds described
in Sect. 4.2.
The velocity vector of the LMC observed by
van der Marel et al. (2002) indicates that the orbit of the
Large Magellanic Cloud is in the direction of increasing
Galactic latitude. This is consistent with the observed orienta-
tion of the tail of HVC 297+09+253, which is perpendicular to
the Galactic plane and pointing towards the LMC.
The proximity of the two clouds to the Leading Arm,
the comparable velocities, the orientation of the tail and the
distance estimates make an association with the Magellanic
System likely, implying a distance range of 10 kpc ≤ d ≤ 60
kpc for the two HVCs.
5. Summary and outlook
We analysed single-dish (Parkes) and interferometer (ATCA)
data of two compact high-velocity clouds located in the vicin-
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Fig. 6. Pressure variation as a function of distance and
statistical error curves (dotted lines) for two clumps of
HVC 297+09+253 and HVC 291+26+195. Furthermore, the
pressure variation of the Milky Way gas (crosses) derived from
a model developed by Kalberla (2003) is shown. Upper panel:
Clump A of HVC 297+09+253. Lower panel: Clump N of
HVC 291+26+195.
ity of the Leading Arm of the Magellanic System. The obser-
vations with both telescopes allow us to investigate the total
H  mass and the extended structure as well as the small-scale
structure within the clouds.
The analysis of HVC 297+09+253 reveals that the cloud
has a two-component gas structure. The cold and the warm
gas phase are partly spatially separated. Cold compact clumps
are embedded in a diffuse warm H  gas. Both the gradient in
line width and in column density as well as the morphologi-
cal asymmetry show that this cloud reveals a head-tail struc-
ture. The presence of the cold clumps and the head-tail struc-
ture can be explained by an interaction of this cloud with
an ambient medium. All clumps show very narrow lines of
∆vFWHM < 4 km s−1, allowing us to constrain physical parame-
ters like the temperature and the pressure of the gas.
In the case of HVC 297+09+253 we also find cold com-
pact clumps with very narrow lines but no diffuse, warm gas.
Possibly, these clumps were also generated in an interaction
with an ambient medium. The diffuse gas possibly was already
stripped off the cold core due to friction forces.
We presented a method to estimate distances for the two
CHVCs by comparing the pressure of the clumps in the CHVCs
as a function of distance with the pressure of the surrounding
Milky Way gas. The distances estimated for all clumps are of
the order of 10 . . .60 kpc.
All our results provide evidence for an association of the
two CHVCs with the Leading Arm of the Magellanic System at
a distance of d ≈ 10 . . .60 kpc. This distance estimation allows
us to constrain the physical parameters of the clouds and to
learn more about the physical conditions in the environment of
the Leading Arm.
To learn more about the nature of HVCs in general, it
is necessary to make absorption measurements towards suit-
able background sources at known distance. This would pro-
vide a direct distance estimate as well as information about
the metallicity of the clouds to confirm an association with the
Magellanic Clouds. High-resolution observations of CHVCs in
the vicinity of the Leading Arm and the Magellanic Stream are
necessary to resolve other small-scale structures for a statistical
analysis of core-halo structures in CHVCs. Furthermore, Hα
measurements will be of great importance to investigate the in-
teraction with an ambient medium in considerably more detail.
Simulations are necessary for a better understanding of how
such cold clumps are generated and to analyse the conditions
under which interactions occur.
Acknowledgements. Many thanks to Philipp Richter for his helpful
comments. Thanks to Benjamin Winkel for his helping hands. T.W. is
supported by the DFG through grant KE 757/4-1.
References
Bland-Hawthorn, J., Veilleux, S., Cecil, G. N., et al. 1998,
MNRAS, 299, 611
Blitz, L., Spergel, D. N., Teuben, P. J., Hartmann, D., & Burton,
W. B. 1999, ApJ, 514, 818
Bru¨ns, C., Kerp, J., & Pagels, A. 2001, A&A, 370, L26
Bru¨ns, C., Kerp, J., & Staveley-Smith, L. 2000, in ASP Conf.
Ser. 218: Mapping the Hidden Universe: The Universe be-
hind the Milky Way – The Universe in HI, 349
Bru¨ns, C., Kerp, J., Staveley-Smith, L., et al. 2005, A&A, 432,
45
Braun, R. & Burton, W. B. 1999, A&A, 341, 437
Braun, R. & Burton, W. B. 2000, A&A, 354, 853
Bregman, J. N. 1980, ApJ, 236, 577
Bregman, J. N. 2004, in ASSL Vol. 312: High Velocity Clouds,
341
Bru¨ns, C. & Westmeier, T. 2004, A&A, 426, L9
Burton, W. B., Braun, R., & Chengalur, J. N. 2001, A&A, 375,
227
Cram, T. R. & Giovanelli, R. 1976, A&A, 48, 39
Danly, L., Albert, C. E., & Kuntz, K. D. 1993, ApJ, 416, L29
de Heij, V., Braun, R., & Burton, W. B. 2002, A&A, 391, 159
Gardiner, L. T. & Noguchi, M. 1996, MNRAS, 278, 191
Giovanelli, R., Verschuur, G. L., & Cram, T. R. 1973, A&AS,
12, 209
Greisen, E. W. & Cram, T. R. 1976, ApJ, 203, L119
Ho¨gbom, J. A. 1974, A&AS, 15, 417
N. Ben Bekhti et al.: Properties of two compact high-velocity clouds 11
Kalberla, P. M. W. 2003, ApJ, 588, 805
Kalberla, P. M. W., Burton, W. B., Hartmann, D., et al. 2005,
A&A, 440, 775
Kalberla, P. M. W. & Haud, U. 2006, A&A, in press (astro-
ph/0604606)
Konz, C., Bru¨ns, C., & Birk, G. 2002, A&A, 391, 713
Mathewson, D. S., Cleary, M. N., & Murray, J. D. 1974, ApJ,
190, 291
Muller, C. A., Oort, J. H., & Raimond, E. 1963, C. R. Acad.
Sc. Paris, 257, 1661
Murphy, E. M., Lockman, F. J., & Savage, B. D. 1995, ApJ,
447, 642
Oort, J. H. 1966, Bull. Astron. Inst. Netherlands, 18, 421
Putman, M. E., Gibson, B. K., Staveley-Smith, L., et al. 1998,
Nature, 394, 752
Quilis, V. & Moore, B. 2001, ApJ, 555, L95
Rasmussen, A., Kahn, S. M., & Paerels, F. 2003, in ASSL
Vol. 281: The IGM/Galaxy Connection. The Distribution of
Baryons at z = 0, ed. J. L. Rosenberg & M. E. Putman, 109
Sembach, K. R., Wakker, B. P., Savage, B. D., et al. 2003,
ApJS, 146, 165
Shapiro, P. R. & Field, G. B. 1976, ApJ, 205, 762
Sternberg, A., McKee, C. F., & Wolfire, M. G. 2002, ApJS,
143, 419
Thom, C., Putman, M. E., Gibson, B. K., et al. 2006, ApJ, 638,
L97
van der Marel, R. P., Alves, D. R., Hardy, E., & Suntzeff, N.
2002, AJ, 124, 2639
van Woerden, H., Schwarz, U. J., Peletier, R. F., Wakker, B. P.,
& Kalberla, P. M. W. 1999, Nature, 400, 138
Vieser, W. & Hensler, G. 2001, in Astronomische Gesellschaft
Meeting Abstracts, ed. E. R. Schielicke, 106
Wakker, B. P. 1991, A&A, 250, 499
Wakker, B. P. & Boulanger, F. 1986, A&A, 170, 84
Wakker, B. P., Oosterloo, T. A., & Putman, M. E. 2002, AJ,
123, 1953
Wakker, B. P. & van Woerden, H. 1997, ARA&A, 35, 217
Westmeier, T., Bru¨ns, C., & Kerp, J. 2005, A&A, 432, 937
Wolfire, M. G., McKee, C. F., Hollenbach, D., & Tielens,
A. G. G. M. 1995, ApJ, 453, 673
Yoshizawa, A. M. & Noguchi, M. 2003, MNRAS, 339, 1135
